Ionic hydrogels belong to the class of polyelectrolyte gels or ionic gels. Their ability to swell or shrink under dierent environmental conditions such as change of pH, ion concentration or temperature make them promising materials, e.g. for microsensoric or microactuatoric devices. The hydrogel swelling exhibits nonlinear eects due to the occurrence of dierent interacting transport phenomena.
INTRODUCTION
Polyelectrolyte gels are a class of chemically synthesized materials. They comprise a solid phase, i.e. a polymer network with xed charges and a liquid phase which is an electrolyte, i.e. an aqueous solution with mobile ions.
The structure of a hydrogel is shown in Numerical analysis plays an important role in further development of these approaches. To make hydrogels accessible to numerical investigations a continuum based model is developed and presented in the present study.
LITERATURE REVIEW
There exist dierent modeling approaches to describe the swelling behavior of gels. A rst fundamental approach was given by Flory and Rehner 3 in the 1950s. It is based on a thermodynamic formulation with statistically identied material parameters. Based on the equation of motion, Tanaka and Filmore 4 described the swelling kinetics. This theoretical framework is adopted and extended in several continuum based models. Recent work can be found in literature, e.g. in Refs.
5, 6 the transient swelling behavior under a chemical stimulus is investigated.
For a more precise understanding of the swelling behavior of polyelectrolyte gels models incorporating the material properties on the micro-scale are developed. In Gurtin et al. 7 the volume phase transition is assumed to be triggered by the motion of evolving interfaces of the incorporated constituents. A formulation to consider the interaction of an electroactive polymer in a solution bath is based on accounting for several superimposing elds. For considering chemical and electrical elds research work has been done by Doi et 19 
NUMERICAL MODEL
The hydrogel swelling is driven by transport phenomena due to convection, diusion and migration. Hence, interactions of the moving constituents have to be investigated. Observing the hydrogel on the micro-structure level, a solid matrix formed by polymer chains with an interconnected void can be found. The void is lled with a solution consisting of a solvent with mobile charges. For ionic hydrogels, xed charges are bonded to the polymer chains. A schematic representation of the hydrogel structure is shown in Fig. 2a . 
Porous media theory
To account for the complex interactions of the moving constituents, assumptions have to be made on the microscale to describe the material behavior with a continuum mechanical approach. To avoid evaluating interfacial eects with respect to the geometry and structure of the moving components, the uid-structure interaction within the hydrogel is captured by a somehow homogenization of a representative elementary volume. By applying the theory of mixtures a statistical homogenization is performed by a superposition ¢ a ¢ with a I : : : N (1) of a physical quantity ¢ of the constituent . The number of the incorporated constituents is denoted by N.
To quantify the so obtained mixture as illustrated in Fig. 2b the concept of volume fractions is applied. In the deformed conguration the substantial dierential volume of the mixture dv is dened by the sum of the partial volumes of each constituent dv by dv a dv : (2) The local volume fraction ' can then be found by ' a dv dv : (3) As the constituents are treated individually the current conguration is dened by constituents originating from diering positions exhibiting independent motions as can be seen in Fig. 3 . Hence x i a i @X i ; tA (4) holds where is the motion of the constituent , X is the position of the observed constituent in the reference conguration and x is the position in the current conguration. For the velocity of the constituent , denoted 
Based on the fundamentals of the mixture theory and the concept of volume fractions the continuum mechanical approach for describing the hydrogel swelling behavior based on the Theory of Porous Media can be obtained.
Balance equations
The balance equations are formulated following the principles of classical one-phasic thermo-mechanics of continua. They are extended by production terms to capture the uid-structure interaction of the multi-phasic material. Summarized, the balance equations are given as follows: The density % of the constituent is dened by its mass m divided by the dierential volume of the mixture % a dm dv . The Cauchy-stress tensor is denoted by , b is the body force density and " klm denotes the permutation tensor. The internal energy density is denoted by u , the heat ux by q and r is the internal heat source. Balancing the entropy density , the entropy ux density and the entropy production density & the second law of thermodynamics can be obtained. The direct production densities for the mass, momentum, angular momentum, energy and entropy production are denoted by % , p , m , and , respectively.
The mixture theory allows to split the total production densities into a direct and an indirect part. Following the principles for one-phasic continuum mechanics, the sum of the total production densities has to vanish for the whole mixture. Furthermore using the second law of thermodynamics and the entropy balance equation, the where e denotes the charge density, E is the electric eld, " 0 and " r are the vacuum and relative permittivities.
Please note that the constitutive relation for the electric eld and the electric displacement eld is assumed to be linear and homogeneous for the whole mixture.
Further assumptions and constitutive model
The homogenized model for the hydrogel consists of a solid phase fSg and a uid phase fFg. Fixed charges (fc) are assumed to be attached to the solid skeleton and hence follow the motion of the solid skeleton. The uid phase consists of the liquid constituent fwg and a freely movable ionic phase fg with anions f g and cations fCg. As a summary the following denition can be given: a fS; Fg with F a fw; g and a fC; g :
The constitutive laws result from assumptions for the material behavior considering the evaluation of the second law of thermodynamics. For the solid skeleton, a linear elastic material behavior is assumed. In Lagrangian notation the stress strain relation for the solid phase is therefore given by S kl a C klmn " S mn a I P C klmn @u S m;n C u S n;m A (10) with the assumption of linearized kinematics. The elasticity tensor is denoted by C klmn , the displacement of the solid phase is given by u S k and " S kl is the linearized elastic strain of the solid phase. The constitutive behavior of the ions can be derived from a formulation for the Helmholtz free energy following Acartürk.
16 It is dened as a purely chemical potential without considering electro-mechanical inuences. Furthermore, the Helmholtz free energy of the ions depend only on the conguration of the observed constituent itself and therefore it is independent of the surrounding constituents:
For the liquid constituent the same Helmholtz free energy applies. As the density of the liquid with respect to the local uid density undergoes only marginal changes, the Helmholtz free energy of the liquid constituent is assumed to be constant.
Further considerations to obtain the eld equations shall be mentioned in the following. Isothermal conditions are assumed and therefore the heat ux q and the heat source r vanish. 
The coupling of the interfering constituents is achieved with respective production densities, i.e. in the case of isothermal hydrogel swelling in terms of moment production densities. By evaluating restrictions occuring from Eq. (13) (17) where in the last term the Darcy's law for porous multiphasic materials is used. (18) where u k is the displacement of the solid phase, p is the sum of the hydraulic pressure hyd and the osmotic pressure of the mixture osm . The concentration of an ionic species c can be derived by c a I ' F % M (19) where M is the molar mass of the constituent and % its density.
The nal set of eld equations can then be dened as 
NUMERICAL ANALYSES
In the present research the swelling behavior of ionic gels under a chemical stimulus is investigated. A schematic representation of the hydrogel swelling behavior is shown in Fig. 4 . For this, the gel is initially assumed to be in an equilibrium state. It can be derived from the Donnan potential that ionic gels always have a concentration dierence to the ambient solution. The resulting osmotic pressure leads to an initial pre-stress or pre-stretch of the material. Hence, the equilibrium state is dened as a pre-stretched conguration by substracting the initial osmotic pressure from the elastic mechanical stress tensor S kl .
pH; T; c The simulations are all performed on the same geometry with a hydrogel length of I mm.
The mechanical behavior of the polymer matrix is assumed to be isotropic and hence the Young's modulus E S and the Poison ratio S are dened for the solid skeleton. All material properties are given in Tab. 1. As the numerical model is one-dimensional for all vectorial quantities the subscripts are no longer used. Fig. 7b . Furthermore the uid velocity over the boundary of the hydrogel is shown for both test cases in Fig. 7a . Due to the diusion driven swelling behavior one can see that for larger diusion constants the uid velocity decreases faster in time.
Comparison
In Fig. 8, a comparison 
CONCLUSION
In the present paper a coupled chemo-electro-mechanical formulation based on porous media has been applied to electroactive polymers. For dierent one-dimensional test cases, the response of polyelectrolyte gels to a chemical stimulus has been investigated for both, a rigid and an elastic polymer matrix. It has been shown that on the one hand the chemo-electric behavior has a fundamental inuence on the mechanical behavior (swelling) of these gels. On the other hand, the mechanical deformation also inuences both, the concentration of the mobile ions and the dierent uxes.
By the formulation based on the porous media theory the transient eects in the hydrogel under a chemical stimulus can be captured. Concluding, the applied model (i) is capable of describing the chemo-electro-mechanical behavior of gels and (ii) can be applied to enhance the design of microsensoric and microactuatoric devices containing polyelectrolyte gels.
